The many and varied requirements for battery power and the different environmental and electrical conditions under which they must operate necessitate the use of a number of different types of batteries and designs, each having the most advantageous performance under specific operational conditions. Although many advances have been made in battery technology in recent years, both through continued improvement of a specific electrochemical system and the development and introduction of new battery chemistries, there is still no one ''ideal'' battery that performs optimally under all operating conditions. As a result, over time, many different electrochemical systems and battery types have been and are still being investigated and promoted. However, a relatively small number have achieved wide popularity and significant production and sales volumes. The less conventional systems are typically used in military and industrial applications requiring the specific capabilities offered by these special batteries. The ''ideal'' electrochemical cell or battery is obviously one that is inexpensive, has infinite energy, can handle all power levels can operate over the full range of temperature and environmental conditions, has unlimited shelf life, and is completely safe and consumer proof. In practice, energy limitations do exist as materials are consumed during the discharge of the battery, temperature and discharge rate affect performance and shelf life is limited due to chemical reactions and physical changes that occur, albeit slowly in some cases, during storage. The use of energetic component materials and special designs to achieve high energy and power densities may require precautions during use to avoid electrical and physical abuse and problems related to safety. Further, the influence of the conditions of discharge, charge and the use of the battery must the considered. It should be recognized that while the demands of battery-using equipments continually seek smaller and more energetic and powerful batteries, these requirements may not necessarily be met because of the theoretical and practical limits of battery technology. The selection of the most effective battery and the proper use of this battery are critical in order to achieve optimum performance in an application.
Duty Cycle:
Continuous or intermittent, cycling schedule if intermittent 6. Temperature Requirements: Temperature range over which operation is required 7. Service Life: Length of time operation is required 8. Physical Requirements: Size, shape, weight; terminals 9. Shelf Life: Active/ reserve battery system; state of charge during storage; storage time a function of temperature, humidity and other conditions 10. Charge-Discharge Cycle (if Rechargeable): Float or cycling service; life or cycle requirement; availability and characteristics of charging source; charging efficiency 11. Environmental Conditions: Vibration, shock, spin, acceleration, etc.; atmospheric conditions (pressure, humidity, etc.) 12. Safety and Reliability: Permissible variability, failure rates; freedom from outgassing or leakage; use of potentially hazardous or toxic components; type of effluent or signature gases or liquids, high temperature, etc.; operation under severe or potentially hazardous conditions; environmentally friendly 13. Unusual or Stringent Operating Conditions: Very long-term or extreme-temperature storage, standby, or operation; high reliability for special applications; rapid activation for reserve batteries, no voltage delay; special packaging for batteries (pressure vessels, etc.) ; unusual mechanical requirements, e.g., high shock or acceleration, nonmagnetic 14. Maintenance and Resupply: Ease of battery acquisition, accessible distribution; ease of battery replacement; available charging facilities; special transportation, recovery, or disposal procedures required 15. Cost: Initial cost; operating or life-cycle cost; use of critical or exotic (costly) materials
BATTERY APPLICATIONS
Electrochemical batteries are an important power source and are used in a wide variety of consumer, industrial, and military applications. Annual worldwide sales exceed $50 billion. The use of batteries is increasing at a rapid rate, much of which can be attributed to advancing electronics technology, lower power requirements, and the development of portable devices which can best be powered by batteries. Other contributing factors are the increased demand for battery-operated equipment, the opening of many new areas for battery applications ranging from small portable electronic devices to electric vehicles and utility power load leveling. Batteries have many advantages over other power sources, as outlined in Table 1 . They are efficient, convenient, and reliable, need little maintenance, and can be easily configured to user requirements. As a result, batteries are used in an extremely wide range and variety of sizes and applications from as small as 3 mAh for watches and memory backup to as large as 20,000 Ah for submarine and standby power supplies.
Summary of Battery Applications
A generalized summary of battery applications, listing the various battery types and identifying the power level and operational time in which each finds its predominant use, is shown in Figure  1 . As with any generalization, there are many instances in which the application of a particular battery will fall outside the limits shown. Primary batteries are used typically from low to moderately high power drain applications, to a large extent with the familiar flat, button, or cylindrical configurations. They are a convenient, usually relatively inexpensive, lightweight source of packaged power and, as a result, are used in a variety of portable electric and electronic equipment. The so-called ''dry-cell'' is widely used in lighting devices, toys, radios, cameras, PDA's (Personal Digital Assistant), and many other such consumer products. Flat or button batteries are popular in watches, calculators, photographic equipment, and as a battery backup for memory preservation. Similarly, primary batteries are used extensively in industrial and military applications to power portable communication, radar, night vision, surveillance, and other such equipment. Larger-sized primary batteries are also produced, mainly for special applications such as navigation aids, standby power, and remote-area uses, where their high capacity and energy density, long shelf life, and freedom from recharging and maintenance are important requisites. Secondary (rechargeable) batteries are used as energy-storage devices, generally connected to and charged by a prime energy source and delivering their energy to the load on demand. Examples of this type of service are the lead-acid automotive starting, lighting, and ignition (SLI) battery, which is by far the major secondary battery application, hybrid electric vehicles standby electric systems including uninterruptible power systems (UPS) and load leveling. Secondary batteries are also used in applications where they are discharged and recharged subsequently from a separate power source. Examples of this type of service are electric vehicles and many applications, particularly portable devices, such as computers, cellular phones and camcorders, where the secondary battery is preferred in place of primary batteries, either for cost saving as they can be recharged or to handle power levels beyond the capability of conventional primary batteries. Special and reserve primary batteries are used in selected applications usually requiring batteries which are capable of high-rate discharges for short periods of time after long-term storage in an inactivated or ''reserve'' condition. Many of these are used by the military for munitions and missiles. Solid electrolyte batteries are low-rate batteries, operating in the microampere range, but with extremely long operational and shelf life. They are used in computer memory backup, cardiac pacemakers, and other applications requiring high reliability and extremely long active life.
Portable, Industrial and Electric Vehicle Applications
A listing of a number of the major applications of batteries is given in Table 2 -a. These are listed in the following three major categories: Portable Applications. This is a rapidly expanding area as many new portable devices are being introduced which are designed to operate only with batteries or, in some instances such as laptop computers, to operate with either batteries or AC line power. Both primary and secondary batteries are used in these portable equipments depending on service life and power requirements, convenience, cost, etc. Industrial Applications. Larger-sized batteries, usually rechargeable, are used in these applications. In many of these applications, the batteries are used as back-up power in the event of an AC power failure. In some instances, such as with munitions, navigation aids and satellites, primary or reserve type batteries are used where an electrical source is not available for recharging. This is another area that is expanding rapidly to meet the demands for UPS for computer and other sophisticated systems which require 24/7 operation with extremely high reliability. Vehicular and Traction Applications. Batteries have been an important power source for these applications, including SLI application and for the main power source for fork-lift trucks, golf carts and other such vehicles. This also is a growing area for battery application with the goal to replace the internal combustion engine with an environmental-friendly power source or provide a hybrid system which will improve the efficiency of fossil fuel engines and reduce the amount of objectionable and hazardous effluents. The current drains of some of the portable equipments are listed in Table 2 -b to illustrate the wide range of the requirements, from microamperes to over an ampere. Although the values are specified in amperes, some of the equipments, such as flashlights, have a resistive load. Many of the newer equipments present a constant current or a constant power load, and in some cases, a
Page 5 constant energy load as the photoflash cameras. In fact, with the more sophisticated equipments, the load is not constant, but will vary, not only in current or power drain, but in the type of load, depending on the particular function of the device that is operating at a particular time. 
PORTABLE APPLICATIONS
The characteristics of the conventional and advanced primary and secondary batteries on a theoretical basis are summarized in Table 3 . This table also lists the characteristics of each of these batteries, based on the actual performance of a practical battery, under conditions close to optimum for that battery: * These values are for single cell batteries based on identified design and at discharge rates optimized for energy density, using midpoint voltage.
(1)MH-metal hydride, data based on 1.7% hydrogen storage (by weight). • The actual capacity available from a battery is significantly less (about 20 to 30%) than the theoretical capacity of the active materials.
• The actual capacity is also less than the theoretical capacity of a practical battery, which includes the weight of the non-energy-producing materials of construction as well as the active materials.
• The capacity of a battery under specific conditions of use could vary significantly from the values listed in Table 3 . These values are based on designs and discharge conditions optimized for energy density, and while they can be helpful to characterize the energy output of each battery system, the performance of the battery under specific conditions of use should be obtained before any final comparisons or judgments are made. In general, the capacity of the conventional aqueous secondary batteries is lower than that of the conventional aqueous primary batteries (Table 3 ), but they are capable of performance on discharges at higher current drains and lower temperatures and have flatter discharge profiles (see Figures 2 to 6). The conventional primary batteries have an advantage in shelf life or charge retention compared to the secondary batteries (see Figure 7 ). Most primary batteries can be stored for several years and still retain a substantial portion of their capacity, while most of the conventional secondary batteries lose their charge more rapidly and must be kept charged during storage or charged just before use. These differences are due to both the electrochemical systems and the cell designs that were selected for the conventional batteries. Typically the more energetic and not readily rechargeable materials, such as zinc, were selected for the primary cells. Also, the bobbin construction was usually used for the primary batteries to obtain higher energy densities while designs providing more surface area lower internal resistance and higher rate capability were used for the rechargeable batteries. Some of these differences are not longer that distinct as similar chemistries and designers are used for some of the primary and secondary batteries. For example, a primary battery, using the spirally wound electrode design, will have a similar rate capability as the secondary battery using the same design and chemistry. Likewise, the charge retention of that secondary battery will be similar to the charge retention of that primary battery. However, the capacity of the primary battery should always be higher because of the features that have to be added to the secondary battery to achieve effective recharging.
Characteristics of Batteries for Portable Equipment
Portable, battery-operated electric and electronic equipments once were typically powered by primary batteries. However, the development of small, maintenance-free rechargeable batteries made it possible for secondary batteries to be used in applications which had been almost exclusively the domain of the primary battery. The trade-off, thus, is between a possible lower life-cycle cost of the secondary battery because it can be recharged and reused and the convenience of using a replaceable primary battery. The development of new portable applications, such as power tools, computer camcorders,PDAs, and cellular phones, with high power requirements accelerated the use of these rechargeable batteries because of their power advantage over conventional types of primary batteries. The newer primary batteries, particularly those using the lithium anode, which have a high specific energy and energy density and good power density, can be used in some of these higher-power applications. Further, advances in electronics technology are gradually reducing the power requirements of a number of these equipments to levels where the primary battery can give acceptable performance. In some applications, therefore, the equipment is being designed to be powered by either a rechargeable or a primary battery, leaving the choice to the user. The user can opt for the convenience, freedom from charging, and longer shelf life of the primary or the potential cost saving with the rechargeable batteries. Tables 3 and 4 and the figures in this section compare the performance of the major primary and rechargeable batteries used for portable applications. These comparisons show the following. 1. The primary batteries, particularly the lithium types, depending on the discharge conditions can deliver up to eight times the watthour capacity of the conventional aqueous secondary batteries. Similarly, the new rechargeable batteries using lithium and other high energy materials will have higher capacities than the conventional secondary batteries. These capacities, however, will most likely be lower than those of the primary batteries using similar chemistries. 2. The aqueous secondary batteries generally have better high-rate performance than the primary batteries. The lithium primary batteries, using spirally wound or other high-rate electrode structures, provide higher output compared to the conventional secondary batteries, even at fairly high rates, because of their better normal temperature performance and generally good performance at high discharge rates. This is illustrated in Figure 2 , which compares the performance of the different battery types at different discharge rates. In this figure the service that each of the battery types will deliver at various levels of power density (watts per liter) is plotted. A slope parallel to the idealized line indicates that the capacity of the battery, in watthours, is invariant, regardless of the discharge load. A flatter slope, or one that levels off as the load is increased, indicates a loss of capacity as the discharge rate is increased. This figure shows that the conventional rechargeable or secondary batteries maintain their capacity even at the higher current drains while capacity of the conventional primary batteries begins to drop off at a 20 to 50-h rate. The lithium primary batteries, however, can maintain their advantage over the conventional secondary batteries to fairly high discharge rates because of their significantly higher capacities at the lower discharge rates. The lithium-ion rechargeable battery, which was introduced commercially during the 1990s, has a significantly higher specific energy and energy density compared to the conventional rechargeable batteries, although still below that of the lithium primary batteries. Its high rate and low temperature performance is superior to the nickelcadmium and nickel-metal hydride batteries because of its higher specific energy, except at the very high discharge rates (see Figures 2 and 3) . The lithium-ion battery is rapidly becoming the battery of choice in high-end portable equipment and performance advances and cost reduction continue to be achieved as a result of extensive R&D programs. Figure 2 is a comparison on a volumetric basis, while Figure 3 is a Ragone plot (relation of specific power to specific energy) presenting similar information on a gravimetric basis. This shows a greater advantage for the lithium batteries because of their lower density. 3. The conventional aqueous secondary batteries generally have a flatter discharge profile than the primary or lithium batteries. Figure 4 compares the discharge curves of several primary and secondary batteries and illustrates this characteristic. 4. The conventional aqueous secondary batteries general have better low-temperature performance than the conventional aqueous primary batteries. The comparative performances on a gravimetric basis (watthours per kilogram) and on a volumetric basis of the various types of batteries at a moderate 20-h rate are shown in Figures 5 and 6 respectively. While the specific energy and energy density of the primary batteries is higher at room temperature, their performance drops off more significantly as the temperature is reduced compared to conventional secondary batteries. Again, the lithium batteries have better low-temperature characteristics than the conventional primary batteries, but percentage wise they are poorer compared to the conventional secondary batteries. 5. The charge retention or shelf life of the primary batteries is much superior to that of the conventional aqueous secondary cells. Hence these secondary batteries have to be maintained in a charged condition or recharged periodically to maintain them in a state of readiness. Figure 7 compares the charge retention of various types of batteries when stored at different temperatures. The superior charge retention of most of the lithium batteries, both primary and secondary, is illustrated. 6. The secondary batteries are capable of being recharged to their original condition after discharge and reused rather than being discarded. For those applications where recharging facilities are available, convenient, and inexpensive, a lower life-cycle cost can be realized with secondary batteries, even with their higher initial cost, if their full cycle life is utilized. 
Cost Effectiveness
Specific cost effectiveness versus life cycle analyses can be used to evaluate the best choice primary or secondary battery for a particular application or deployment. Figure 8 summarizes such an analysis comparing lithium / sulfur dioxide primary and nickel-cadmium secondary batteries. Figure 8 -a depicts a military training situation in which charging facilities are readily available and inexpensive, recharging is convenient, and the batteries are used regularly (thus employing the full cycle life of the secondary battery). In this situation, the initial higher cost of the secondary battery is easily recovered, and the payback or breakeven point occurs early. Figure 8 -b presents a field situation in which batteries are not used regularly, special charging facilities are required, and recharging is not convenient. In this case, the payback time occurs much later, and the use of secondary batteries may not be cost-effective since the break-even time is close to or beyond the calendar life of the battery. Figure 9 provides another illustration comparing the performance of several types of primary and secondary batteries in a typical military portable radio transceiver application at several temperatures, based on 1994 data. The primary batteries give the longest service at 20 o C, but only the secondary batteries and the Li/SO 2 primary battery are capable of performance at the very low temperatures. This equipment is being phased out of use. A more current example is the performance characteristics of the 24 V military battery type ''590'' which has been designed in several versions using several different battery chemistries, but all within the same physical envelope. The characteristics of these batteries are listed in Table 5 . This battery is used in a number of portable military communication and surveillance equipments and the particular type of battery that is used depends on the equipment requirements and deployment. For example, for training and policing, a rechargeable battery would most likely be chosen. In forward, areas and under combat, where lightweight is critical and recharging facilities are not available nor
Other Comparisons of Performance
Page 15 recharging feasible, a primary battery will usually be used. Figure 10 compares the performance of the different batteries under an 18 watt discharge load at 25 o C. Under heavier discharge conditions (this battery is used in equipments requiring as high as a 10 ampere discharge current) and at low temperatures, the zinc / air battery would not perform satisfactorily. The performance of the rechargeable batteries would be comparatively better because of their relatively superior performance under these more stringent operating conditions. Figure 9 : Performance of batteries in military radio transceiver application. Transmit load, 1 A; receive load, 50 mA; duty cycle, 9:1 receive to transmit (based on 1994 data). Figures 11 and 2 are two other examples comparing the performance of several ''AAsize'' primary and rechargeable batteries. In Figure 11 , the performance of these batteries is plotted over a range of discharge current. Depending on the battery system, the primary batteries have the advantage at low current drains but lose their advantage as the discharge rate is increased. As shown, low drain applications, such as PDAs and Palm devices, generally use primary batteries, mainly the zinc / alkaline /manganese dioxide battery. Some more sophisticated PDAs, with higher power requirements will use rechargeable batteries. Laptop computers typically use rechargeable batteries. Figure 12 compares the performance of these ''AA-size'' batteries on a photo simulation test of the flash in an automatic camera. The lithium primary batteries deliver the larger number of cycles. Although the zinc / alkaline /manganese dioxide battery delivers a significant number of pulses, as it operates at a lower voltage, the recycle time is longer than the batteries operating at a higher voltage. As the power requirements are increasing with the newer camera models, the battery systems capable of high rate discharge will be favored. Another comparison of the characteristics of each type of battery is shown in Figure 13 which examines one performance parameter the total weight of a power sources required to deliver a given power output (in this example, 5 watts) for different lengths of operation. For very short missions, the conventional secondary batteries are lightest because of their high rate capability. At moderate and light loads, the primary and lithium batteries become the lighter ones because of their higher specific energy and energy density under these load conditions. Figure 13 also shows the advantage of a hybrid system: combining a battery with a high specific energy with a rechargeable battery having a high rate capability. The example illustrates a hybrid design using a zinc / air battery (which has a high specific energy at moderate-to-low discharge rates but poor high-rate performance) with a nickel-cadmium battery (which has a low specific energy, but comparatively good performance at high discharge rates). The nickel-cadmium battery is sized to handle the load for the specified time (in this example for 6 minutes) and is then recharged by the zinc / air battery. Curve F shows that at the longer operating times (a low discharge rate for the size of the battery) the zinc/ air battery, alone, can handle the load and is the lightest power source. It loses its advantage at the shorter operating times which correspond to a higher discharge rate. For these shorter missions, a rechargeable battery, such as the nickel cadmium battery, is added, resulting in an overall lighter battery (curve G). As the rechargeable battery is sized to handle the load for a specified time, the total weight and size of the hybrid battery is dependent on the time established for the pulse load. 
Criteria for Battery Selection -Portable Equipment
A number of different battery systems are available to the equipment designer and user, each offering particular advantages for powering portable electronic equipment. The selection of a battery system, even the first decision of using a primary or secondary battery, may not be clear-cut and is influenced by many factors, such as deployment of the equipment, operating environment, size, weight, required service time, duty cycle, frequency of use, capital investment and cost, etc. An important consideration, as well, is the end-user's biases and preferences. The selection is further complicated by the overlapping performance characteristics of many of the batteries since the characteristics of a particular battery system or chemistry can be altered by the design features and design changes as the technology develops and matures. Table 6 is a summary, albeit simplified, of criteria that should be considered in making a preliminary determination of the type of battery primary or secondary to be used. It is most applicable to comparing the conventional systems and lithium primary batteries. As pointed out above, the characteristics of the rechargeable lithium batteries may difference from these generalizations. 1. A primary battery will usually be the battery of choice if the power requirement is low or in applications where the battery will be used infrequently over a long period of time. 2. For applications where the battery will be used frequently (assuming that both primary and secondary batteries are capable of meeting the power requirements of the equipment), the choice should depend on user preference. Will the user opt for the convenience of the primary battery and freedom from the charger, or will the user tolerate the ''inconvenience'' of the rechargeable battery and opt for its possible lower operating cost? 3. For high discharge rates, high-rate secondary batteries will be the choice as the performance of the primary battery falls off, particularly at lower operating temperatures. Table 7 illustrates the selection of primary and secondary batteries. As the power requirements of the application increase (going from the bottom of the list to the top) and the size of the battery becomes larger, the trend for the battery-of-choice shifts from the primary to the secondary battery. The primary battery dominates in the lower power applications and where a long service life is required, such as smoke detectors, implants and memory backup.
